Abstract-A novel and practical multi-loop control strategy for photovoltaic (PV) inverters is presented. In which the double close-loop control structure of digital PID voltage and current instantaneous value is adopted based on the cross feedback decoupling control and load current feed-forward control. In addition, in order to improve accuracy of output voltage, a closeloop control structure of the output voltage RMS value is utilized. The mathematical model for single-phase full-bridge inverters is established. The operation principle of decoupling control and the control strategy are discussed in details. A 50Hz 1kW prototype with TMS320F2812 DSP as controller is developed to validate the effectiveness of the control strategy.
INTRODUCTION
With the rapid development of power electronics, Photovoltaic (PV) inverter technology is widely used in many fields. High-quality output voltage is required for these inverters. SPWM technique can greatly improve the output voltage, and has enjoyed extensive applications because of easy implementation, low-cost, and reliable operation. However, the main drawback of an SPWM inverter is large total harmonic distortion (THD) with nonlinear loads.
To address this, various instantaneous feedback control schemes, such as deadbeat control [1] [2], adaptive control [3] , repetitive control [4] and intelligent control [5] , have been proposed. With these methods, both high-quality output voltage and fast dynamic response can be obtained. But, more variables, which are related to system, need to be detected. Thus, these methods can not be suitable for the applications in industry widely. Oppositely, the double close-loop control of digital PID voltage and current value is widely used because of easy implementation, reliable operation and better robustness. But the output voltage will be instable with load variation [6] [7] [8] .
In this paper, the double close-loop control structure of digital PID voltage and current instantaneous value is adopted based on the cross feedback decoupling control and load current feed-forward control. And in order to overcome the low output voltage accuracy caused by a poor control of AC signal PID, the closed loop control of output voltage RMS is also adopted in the control schem. The method is verified with experiments and proves to be a cost-effective solution for common PV inverter products.
The equivalent circuit of PV inverter is shown in Fig.1 , which consists of a DC power supply with bus voltage U DC , an inductor L, a capacitor C, a load resistor R, and MOSFETs S1, S2, S3 and S4. In addition, r is the equivalent parasitic resistance (ESR) of the inductor L. The relationship of LC low-pass filter can be obtained as follows
Bipolar sinusoidal pulse width modulation (SPWM) is adopted in full-bridge circuit. The full-bridge circuit can be equivalent to a proportion part, and it can be written in the form of
Where, U c is the peak value of the carrier wave. The model of full-bridge circuit with considering the fundamental wave can be obtained as follows
Where, u r is the instantaneous value of the reference signal. From (1) and (3), the state space equations in the stationary coordinate system of PV inverter can be obtained as follows
The block diagram of the PV inverter can be obtained from In this paper, the analog design method is adopted [9] . Current instantaneous value closed-loop control can be based on inductor current and capacitive current. From Fig.2 , it can be seen that the sampling current is equal to the current through the switch in the inductor current instantaneous value feedback control so that the switches can be protected.
Therefore, the inductor current instantaneous value feedback control with load current feed forward control is utilized. The block diagram of control strategy is shown in Fig.3 , where
is the reference value of voltage loop, G I (s) is the analog corrector, G V (s) is analog correction controller. When the inductor current feedback factor is equal to the load current feed-forward factor, this control is capacitor current instantaneous value feedback control. As shown in Fig.3 , in the inductor current loop the feedforward of load current is added to restrain the disturbance of load, which improves the dynamic performance of the system. U DC (s) has effect on open-loop gain and steady-state performance of the system. A real-time correction is added in the controller with considering the disturbance of U DC (s) in the system. U DC (s) is fixed in steady state which is supplied by current-mode push-pull boost circuit with UC3846 as controller. Therefore, the disturbance of the DC bus voltage is ignored in the system.
A. Output Voltage Cross-Decoupling Based on Inductor
Current From Fig.3 , it can be seen that the outer voltage loop and inner current loop are coupling. The reactance of the inductor L is larger than or closed to the reactance of the capacitance C in low to medium power inverters. In other words, the inertia of the inner loop is larger than or equal to that of the outer loop. Hence, the influence of the output voltage in the inner loop control can not be neglected. The output voltage cross feedback decoupling control based on the filter inductor current is utilized to simplify the inner control, thus implementing the decoupling of voltage loop and current loop. 
Fig.4 Principle of cross-feedback decoupling
From (4) and (5), the state equations of decoupled PV inverter system can be obtained as follows
B. Design of the Current-loop Controller
According to the design method of double-loop DC motor system and multi-loop control system, the inductor current instantaneous value close loop should be designed firstly. Based on the conditions needed to be satisfied, the system is designed as I type system. From (6), the block diagram of the inductor current loop control is shown in Fig.6 , where, 1
is the equivalent expression of sample-and-hold,
is the reference value of current loop. Current loop will be corrected into I type system by the optimal principle of the mold optimal tuning.
Let G I (s)=K pc , and no parasitic effects in the inductor are considered. Hence the open-loop transfer function of current loop can be derived as follows The current loop control based on DSP is shown in Fig. 6 . Where, pc K ′ is the proportion parameter of the current loop controller, T s is the sampling period, 4096 is the 12-bit data format in DSP. The RMS value of output current is 5A, the RMS value of output voltage is 230V, and the digital controller in dashed frame is the discrete form of G I (s). Delay time section of sample-and-hold is equal to 
C. Design of the Voltage-loop Controller
The open-loop transfer function of the current loop can be obtained as follows 
Where T ν =0.5T e +T ί .
Fig.8 Instantaneous output voltage analog control
The block diagram of output voltage analog control is shown in Fig.8, where, i o (s) is the disturbance. The system is designed as II type system from criterion of least amplitude of closed loop frequency characteristics. The block diagram of the output voltage loop controller in DSP is shown in Fig.10 . 
D. Design of Output Voltage RMS Closed Loop Control
A output voltage RMS controller is used as a zero steadystate error controller in order to improve stable voltage accuracy. The block diagram of the voltage RMS loop control is shown in Fig.10 Based on these analyses, the block diagram of PV inverter analog control system is shown in Fig. 11 . 
IV. EXPERIMENTAL RESULTS
A 50Hz 1kW prototype with TMS320F2812 DSP as control is developed to validate the effectiveness of the control strategy. The circuit parameters of the PV inverter are listed in Table 1 . (4) The proposed control scheme can reach the stable state fast. Therefore, the multi-loop control strategy is proved to be an effective solution with low cost for common SPWM inverter. Further more, because of its simplicity, this algorithm can be used for real-time control system where the speed is critical.
